Abstract-Wide bandgap (WBG) semiconductors can be used at high switching frequency and have a high breakdown voltage and high junction temperature rating which make them appealing for use in power conversion. This paper sets forth a rigorous multi-objective optimization based design paradigm for a DC generation system. Using this paradigm, the loss versus mass trade-off (i.e. Pareto-optimal front) of the generation system is explored as a function of semiconductor type. The method co-designs the machine and converter. The optimization results show that the application of Silicon Carbide (SiC) can achieve a 30% mass savings at the same loss level relative to Silicon (Si) for a 10 kW application.
INTRODUCTION
WBG semiconductors are of intense interest in power conversion systems. In [1] , the opportunity and the challenge of WBG devices in shipboard power conversion applications are discussed. WBG devices allow for higher switching frequency, higher voltage, and higher temperature operation, all of which can facilitate increased power density. According to the Naval Power Systems Technology Development Roadmap, a single stage power conversion system should have a power density of 1.25MW/m 3 and 98% efficiency in the nearterm (2018-2023) [2] . The application of WBG devices is essential to achieve this goal. WBG devices also facilitate a higher system efficiency to reduce cooling requirements and ship fuel consumption.
Different WBG materials are explored in [3] . SiC devices are the most mature products and are now widely available. Materials such as GaN and AlGaN have limited availability and are under development, but these have the potential to further improve efficiency and power density in future systems.
The advantages of WBG devices in power conversion systems are well known, however a means for rigorous quantification of the power density and efficiency advantages in a generation system hasn't been presented in the literature. In this paper, a multi-objective optimization of a DC generation system is set forth to quantify the advantages of SiC devices over Si devices. Another achievement of this research is that the generator and converter are integrated into one multi-objective optimization based design approach in order to determine the theoretically achievable performance boundary between mass and loss. The process is illustrated in the context of a 10 kW system which is currently being prototyped.
The organization of the paper is as follows. The system description is set forth in Section II. Section III and IV set forth semiconductor and passive element models, respectively. Next, the machine and rectifier, input filter, DC-DC converter, and heat sink models are set forth in Sections V-VIII. The controller design is discussed in Section IX. The multiobjective optimization based design algorithm is proposed in Section X, followed by a case study in Section XI. Conclusions are set forth in Section XII.
II. SYSTEM DESCRIPTION
The DC generation system considered consists of a Permanent Magnet Synchronous Machine (PMSM), a passive rectifier, a filter inductor and capacitor, and a DC-DC converter. The system topology is shown in Fig. 1 . The passive rectifier is chosen here because of its low cost and robustness. To simplify the system design, the rectifier diodes are the same as the DC-DC converter diodes. Permanent magnet inductors (PMIs) [4] are used for input inductor in L and output inductor out L in order to reduce size. Since in L sees a low frequency current ripple, a Hiperco steel is used as the core material to reduce mass. Since out L sees the switching frequency, a ferrite is used as the core material to reduce high-frequency loss. Polypropylene capacitors are used for in C and out C because of their bandwidth and lifetime.
The design approach is based on full load operation. At full load, the output inductor waveform is assumed to be as in Fig.  2 . Because the output inductor current is always positive, only MOSFET 1 T and diode 2 D conduct under full load condition. The function of 2 T and 1 D is to avoid the discontinuous conduction mode [5] under light load. In Fig. 2, d 
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III. SEMICONDUCTOR MODELS
The semiconductor loss model in [6] is used herein.
A. SiC Semiconductor Loss
The instantaneous conduction loss of the SiC MOSFET is expressed as 
where the f i is the forward conduction current and , 
, ,
The MOSFET switching loss is given by
t sw sw t on mn ds sw t off mx ds
where sw f is the switching frequency. For the SiC diode, the total diode loss is
For the rectifier loss analysis, since the switching frequency of the rectifier diode is low, the reverse recovery loss is neglected. The rectifier operation is divided into a commutation interval and conduction interval. During the commutation interval, the DC link current ( ) r i t is shared between two diodes and a third one completes the return path. During the conduction interval, ( ) r i t travels through two diodes [7] . Thus the rectifier loss is approximated as where r ω is the generator electrical speed. The calculation of ( ) r i t will be described in Section VI. In (7), the integration is evaluated numerically.
B. Si Semiconductor loss
To assess the advantage of SiC devices over Si devices, a Si IGBT and diode are also considered. The Si devices loss models are similar to the SiC devices loss models. The only difference is that in DC-DC converter operation, the Si diode has a significant reverse recovery loss [5] . This reverse recovery loss may be approximated using the sequence 0 ( ) 
IV. PASSIVE COMPONENT MODELS
In addition, models were developed to represent the passive components, including permanent magnet inductors (PMIs) as well as the polypropylene capacitors in the circuit.
A. PMI Metamodel
Due to the dc component of the current, conventional inductors need a large cross sectional area to avoid saturation which increases mass. In [4] , a PMI is proposed to partially cancel the dc current effect. Therein, the geometry of the PMI is optimized to minimize the mass and the loss. Since the objective of this research is to optimize the generation system, it is necessary to construct a metamodel for the PMI to reduce the degrees of freedom to facilitate system optimization.
In [8] , magnetic equivalent circuit (MEC) based scaling laws are derived and are used to develop a UI core inductor metamodel. The same approach is applied to a PMI herein. Using the approach, the inductor energy, loss, and mass is expressed as
where inc L is the incremental inductance, pk i is the peak average current applied to the inductor over all operating points and pk J is the inductor current density corresponding to pk i . The variables ,
are model parameters and are listed in the Appendix.
The equivalent series resistance (ESR) of the inductor is expressed as
B. Capacitor Models Due to the high switching frequency of SiC devices, polypropylene capacitors are used in this design paradigm. The capacitor model is based on VISHAY MKP1848C series datasheet [9] . The capacitor has ESR which will cause loss and increase voltage ripple. The ESR is expressed as 
where rms I is the RMS current of the capacitor, G is the heat conductivity which is determined by the capacitor package. Based on the datasheet [9] , G is expressed as
where 
The firing angle relative to the rotor β , q-axis voltage 
VII. DC-DC CONVERTER MODEL
The function of the DC-DC converter model is to predict the MOSFET switching frequency sw f , duty-cycle d and output inductor and output capacitor ripple.
A. DC-DC Converter steady state analysis
It is assumed that the DC-DC converter is operating at full load and the output inductor current waveform is as shown in Fig. 2 . Appling Kirchhoff's voltage law to both switch-on and switch-off states of the converter, then the duty cycle d can be calculated using the sequence 
Inspection of (31)-(37) reveals a transcendental system of equations. An iterative algorithm is used to solve these equations based on a Gauss-Seidel approach. A flowchart of the algorithm is shown in Fig. 4 i is determined as a degree of freedom of the design. In this way the optimization engine gives oversight to the non-linear solver. The remaining initial 
B. RMS Capacitor Current Analysis
A RMS capacitor current calculation is needed to ensure the capacitor temperature rise is under the rated value. The input capacitor sees the current ripple from the rectifier and the switching current from the MOSFET. The RMS value of switch current ripple 
Since these two components are orthogonal to each other (the average of the product of the two components is zero), the total RMS current of in C may be found from ( ) 
The output capacitor sees the ripple component of the output inductor current. With the current waveform shown in Fig. 2 , the RMS current of the output capacitor is expressed as 
VIII. SEMICONDUCTOR HEAT SINK MODEL
The function of this model is to determine the semiconductor heat sink mass H M . It is assumed that the rectifier and the DC-DC converter semiconductors are all mounted on the same heat sink. The thermal equivalent circuit shown in Fig. 5 is used here to calculate the required heat sinkto-ambient thermal resistance ha R . In Fig. 5 T and diode 1 D are not included in the circuit because of the full load operation assumption mentioned in Section II. From Fig. 5, ha R is computed such that one of the three junction temperatures is at the maximum rated value and the other two are below the maximum limit. The aluminum plate fin heat sink model [6] is used here to calculate the heat sink mass H M
where 1 2 1 2 , , , , b a a n n R are model parameters which are listed in Appendix.
IX. CONTROLLER DESIGN
The proposed duty cycle controller contains a voltage control loop, a current control loop, and a low pass filter. For the low pass filter, the time constant is set as
For the current control loop, the proportional gain is set as
so that the low pass filter is 5 times faster than the current control loop. (1 )
Time domain analysis is widely used to predict the transient performance of the system. However, time domain analysis is computationally expensive; thus, it is not ideal for population based optimization. In this research, a computationally efficient frequency domain analysis is developed. To perform the transient analysis of the system, an equivalent circuit shown in Fig. 7 is used. In Fig. 7 , the PMSM and the rectifier are represented by a voltage behind reactance model [13] Fig. 6 and Fig. 7 , the eigenvalues of the linearized state matrix can be found, and the output impedance Z can be calculated.
X. DESIGN ALGORITHM
In this section, a multi-objective optimization based design approach of the generation system is set forth. First, the design space and objectives are introduced. Next, the constraints and a suitable fitness function are established.
A. Design Space
The 20 independent design parameters are grouped into one vector s θ , which is expressed as
The system loss includes the generator loss G P , the input and output inductor DC loss Lin P , Lout P , the rectifier loss 
C. Constraints
There are 33 design constraints imposed on the system optimization. The first 15 constraints are PMSM geometry constraints and field constraints at no current excitation condition. The sixteenth constraint to twentieth constraint are PMSM field constraints at rated current excitation condition. The twenty-first constraint is the PMSM current density constraint. The detailed explanation of these constraints are given in [10] . The rest of the constraints are rectifier and DC-DC converter design related constraints which are listed in Table I . Therein, the less than or equal to function ltn() and greater than or equal to function gtn() are defined as In Table I , the stability c is set as 1 when the eigenvalues of the system linearized state space model are all in the left half plane. Otherwise the stability c is set to 0.
D. Fitness Function
It is convenient to convert the constrained optimization problem into an unconstrained problem. To this end a multidimensional fitness function is defined as
where ε is a small number. In (54), I
C is the number of imposed constraints, S C is the number of satisfied constraints, and C N is the number of constraints. Initially 0 < , the rest of the constraints won't be evaluated and the algorithm will stop at an early stage in code to improve computational efficiency. In this case the fitness function will return a small negative number. If all constrains are satisfied, the fitness function will return the reciprocal value of system mass and system loss. The reciprocal value is used here because the optimization engine is set to maximize the fitness function. A detailed explanation of this approach is set forth in [10] . The fitness function evaluation Pseudo-code is shown in Table II .
XI. CASE STUDY
To validate the design algorithm a case study is set forth. The design variables and their range are listed in Table III . The system specifications are listed in Table IV. In Table IV , ωrm is the generator mechanical speed, ms is the stator material, mr is the rotor material, mc is the generator conductor material, kpf is the stator slot packing factor, nspc is the number of strands per conductor, nspp is the number of stator slots per pole per phase, rrs is the rotor shaft radius. The SiC semiconductors considered herein include Cree C2M0080120D MOSFET [14] and Cree C4D20120A diode [15] . The Si semiconductors considered herein include Micorsemi APT13GP120B IGBT [16] and Powerex CS241250D diode [17] . The conduction and switching loss parameters, as denoted in Section III, of these devices can be found in the Appendix. The frequency range of the transient analysis is set to 1-1000Hz which is the most significant current disturbance frequency. In this frequency range, the linearized system's impedance must be less than the impedance specification to avoid a large voltage deviation. This dynamic constraint is represented by 33 c in Table I . The Genetic Optimization System Engineering Toolbox (GOSET) [18] is used here to solve this optimization problem. The population size and the generation size are both set as 2000. The optimization yields a Pareto-optimal front (a set of designs characterizing the trade-off between, in this case, system mass and system loss). Each individual of the Paretooptimal front represents a complete system design.
Four studies are performed here to assess the advantage of SiC devices. They have the same system specifications. The four studies are SiC based system design with the dynamic constraint, SiC based system design without the dynamic constraint, Si based system design with the dynamic constraint, Si based system design without the dynamic constraint. The studies without dynamic constraint are implemented here to demonstrate the effect of transient analysis to the system design, especially to the system's passive components design. The Pareto optimal fronts are shown in Fig. 8 . Design 1, Design 2, Design 3 and Design 4 are selected from four Paretooptimal fronts, respectively. The system efficiency of each of the selected designs is close to 94.34% which is equivalent to a system loss of 600W. The design parameters of each design are listed in Table V . In Table V The optimization results show that the SiC based system designs dominate the Si based system designs. This advantage becomes more pronounced after the dynamic constraints are added. The Design 2 converter mass is 32.2% of the Design 4 converter mass. The mass reduction is mainly because of the increase of switching frequency which will reduce the output current ripple thus a smaller output inductor and output capacitor can be used. The Design 2 converter loss is 64.1% of the Design 4 converter loss. The loss reduction is because of the extremely low reverse recovery loss in SiC diode. The loss reduction also contributes to the heat sink mass reduction.
XII. CONCLUSIONS
This paper presented a rigorous optimization-based design paradigm for a generation system. The advantage of SiC devices is quantified. At the same system loss level, the SiC based system mass is 70% of the Si based system. Although this is a theoretical result, it indicates the value of WBG based power conversion system with regard to increasing power density and efficiency. 
